Introduction
The Global Positioning System (GPS) is commonly referred to as a three-dimensional positioning system, but heights obtained from GPS are typically expressed as elevations above an ellipsoidal model of the Earth, and not the Earth's actual surface. As a result, GPS ellipsoidal heights are not directly comparable with heights above mean sea level, known as orthometric heights, determined by leveling surveys. The conversion from ellipsoid to orthometric heights requires a geoid height model that relates the local ellipsoid to the local geoid, where the geoid is the "equipotential surface" which would coincide exactly with the mean ocean surface (sea level) of the Earth. The difference between these two surfaces can be as large as 100 m in areas with strong topographic or subsurface density gradients.
A GPS survey of leveling benchmarks done in Long Valley in 1999 showed that straightforward application of the National Geodetic Survey (NGS) hybrid geoid model GEOID99 to tie GPS heights to historical leveling measurements significantly underestimated the caldera ground deformation as measured with other geodetic techniques (see Battaglia and others, 2003 , for full discussion). The NGS geoid model was able to correctly reproduce the shape of the deformation, but needed a local adjustment to give a realistic estimate of the magnitude of the uplift.
In December 2003, the NGS released the new GEOID03 geoid height model (http://www.ngs.noaa.gov/GEOID). The GEOID03 model was developed in the same manner as GEOID99 using an underlying gravimetric geoid, USGG2003, and updated GPS ellipsoidal heights on leveled Bench Marks (GPSBMs). The conversion surface for GEOID03 was developed from 14,185 GPSBMs at a 5 arc-minute grid interval, which provided a substantial increase in the spatial coverage over GEOID99 and reduced errors due to interpolation. The fit to these same points afterwards using the derived GEOID03 model was within 0.0048 m (2σ) which is comprised of both correlated (attributable to GEOID03) and uncorrelated (GPS observation error) signals (Roman and others, 2004) .
In summer 2006, the USGS conducted a new leveling survey along two major routes crossing the Long Valley region from north to south (HWY 395) and from east to west . At the same time, 25 leveling bench marks were occupied with dual frequency GPS receivers to provide a measurement of the ellipsoid heights ( fig. 1A ). Using the heights from these two surveys we were able to (1) assess the accuracy of GEOID03 in the region, (2) improve the estimate of the local adjustment to the geoid height model, and (3) compute a precise geoid height model (LVGEOID) for the Long Valley volcanic region. Our results show that while LVGEOID and GEOID03 closely coincide in areas outside the caldera, the two models differ by as much as 0.2 m within the caldera. Accounting for this difference is critical when using a geoid height model to estimate ground deformation due to magmatic and tectonic unrest within the caldera.
Comparing GPS and Leveling
Before vertical GPS measurements can be compared with leveled heights to obtain vertical displacements, the heights must be transformed into the same reference frame ( fig. 2 ). The reference surface for leveling is the geoid, an equipotential surface closely identified with mean sea level (Rapp, 1980) . To obtain a homogeneous set of elevations from different leveling surveys, raw leveling heights must be referenced to a common vertical datum. The present vertical datum for the United States is the North American Vertical Datum of 1988 (NAVD88). NAVD88 elevations are expressed by Helmert orthometric heights, which can be computed using the Helmert orthometric reduction (Zilkoski and others, 1992) . GPS solutions, however, produce a set of XYZ coordinates that are referenced to the center of an ellipsoid that approximates the Earth's surface. To obtain heights from GPS solutions, the XYZ coordinates must be transformed into geodetic latitude, longitude, and ellipsoidal heights. This transformation is usually performed using the World Geodetic System WGS84 ellipsoid model (Snay and Soler, 2000) . In the conterminous United States, horizontal coordinates in WGS84 are practically identical to those of the present North American horizontal Datum of 1983 (NAD83); the two systems agree at the 0.1 mm level (Langley, 1992) . Geoid and ellipsoid surfaces, however, do not coincide. The vertical distance between the ellipsoid and the geoid is called the geoid height or the ellipsoid-geoid separation, N. An elevation measured with respect to the geoid (for example, by leveling) is called an orthometric height, and an elevation determined with respect to the reference ellipsoid (for example, by GPS) is called an ellipsoidal height. The value of N ranges from -100 m in Sri Lanka to +70 m in the Marianas Trench. GPS heights can be transformed into the same reference frame as leveled heights by using an appropriate geoid height model (Smith and Milbert, 1999) . Geoid height models developed by the National Geodetic Survey enable one to directly convert between NAD83 GPS heights and NAVD88 leveling heights within the United States (http://www.ngs.noaa.gov/GEOID/).
Leveling
Beginning in 1975, a series of repeated leveling surveys, in which orthometric height differences between stations are measured with a precise optical level, have been used to measure vertical deformation along the 65-km-long line along Hwy 365 from Tom's Place to Lee Vining and along several other routes within Long Valley caldera ( fig. 1B ; tables 1-5 are at the back of this report). Bench mark C916 ( fig. 1 ) is the elevation datum for all the leveling surveys. In other words, the height of C916 is assumed to be fixed. This assumption introduces a small bias in heights determined by any given survey, but it does not affect the shape of the vertical displacement field computed by differencing two surveys. The magnitude of the bias is unknown, but the flat shape of vertical displacement profiles along Hwy 395 in the vicinity of C916 suggests that any real motion there is small (that is, no more than a few millimeters).
The Highway 395 route was surveyed in 1932, 1957, 1975, 1980, each summer from 1982 to 1988, 1992, 1995, 1997 and 2006 . Complete leveling of the caldera occurred each summer from 1982 to 1986 , and in 1988 and 1992 (Langbein and others, 1995 . The leveling surveys were run to standards equal to those required for first-order, class II surveys, as established by the National Geodetic Survey (Federal Geodetic Control Committee, 1984) . The standard error for height differences between marks determined by a single survey can be taken to be 0.7 mm·km1/2/L1/2, where L is the cumulative distance between bench marks in km (http://www.ngs.noaa. gov/heightmod/Leveling/requirements.html). The standard (white noise) error for height changes computed by differencing results of two surveys is 1.0 mm·km1/2/L1/2. Leveling observations were corrected for rod scale and temperature, level collimation, and for astronomic, refraction and magnetic effects (Balazs and Young, 1982) . In general, leveling surveys are not referenced to the NAVD88 datum because the U.S. Geological Survey (USGS) is mainly interested in monitoring relative elevation changes within the caldera, rather than determining absolute elevations. 
Helmert Orthometric Heights
The first stage in the computation of a geoid height model within Long Valley Caldera requires the 2006 leveling survey to be referenced to the NAVD88 vertical datum by transforming the raw leveling heights into Helmert orthometric heights (Milbert and Smith, 1996) . The NAVD 88 datum is expressed in Helmert orthometric heights, and was computed in 1991. The NAVD 88 datum was realized by a single datum point, Father Point/Rimouski, in Quebec, Canada. The strategy and the value of the constraint were based on a number of factors. But, the foremost requirement was to minimize recompilation of national mapping products.
The transformation is a two-step process -(1) the geopotential number associated with a leveling bench mark is computed, and (2), the Helmert height using the orthometric reduction formula (Heiskanen and Moritz, 1967, p. 167 ) is calculated.
The geopotential number C B represents the difference between the potential at the geoid and the potential at the observation point B on the Earth's surface (Heiskanen and Moritz, 1967, p. 162) 
where 0 is a point at mean sea level (on the geoid), h B is the raw leveling height at point B relative to 0, g is the external gravity (a function of the elevation h), and W is the gravitational potential. If A is the leveling survey datum (or primary base station) and B a second point on the leveling route, we have
For normal orthometric heights, C A is given by (Heiskanen and Moritz, 1967, p. 162) 
where H dyn is a local dynamic height expressed in the NAVD88 vertical datum and γ 0 is, by convention, the normal gravity value computed on the Geodetic Reference System ellipsoid of 1980 (GRS80) at 45° degrees latitude. Dynamic heights scale the geopotential number by a global constant γ 0 = 980.6199 gal, converting the geopotential number into a length. To compute the orthometric height at B, C B is substituted into the Helmert's height reduction formula (Heiskanen and Moritz, 1967, p. 167) 
where HB is the orthometric height expressed in 10 3 m and g is the mean value of the gravity along the plumb line between the geoid and the surface. Using the simplified Prey reduction formula for the gravity, then g = g + 0.0424H B (Heiskanen and Moritz, 1967, p. 167) , where g is the gravitational acceleration at B expressed in gal (1 gal = 0.01 m/s 2 ). The approximated formula (4) is often sufficient for standard topography. Solving the algebraic equation yields the value for the orthometric height at the leveling bench mark B
Orthometric heights for the 2006 leveling survey are shown in table 1. The difference between the lowest (U123) and the highest (RET) leveled elevations is about 750 m. The standard errors for orthometric heights, taken to be the same as those of the leveled elevations (Zilkoski and others, 1992) , range from 1 mm (station U123) to 6 mm (station F124) and average 5 mm within the caldera.
GPS Ellipsoidal Heights
During the GPS survey in 2006, phase and pseudorange data were recorded on Ashtech Z-12 and Z-Xtreme receivers using Dorne-Margolin choke-ring antennas. Data were recorded for sessions that lasted at least 6 hours at every sites. GPS survey sites were chosen based on their relatively uniform spacing along the leveling lines and good sky view (to maximize the data quality). At some locations, 5JCM and 18EG in particular, the sky view was not completely clear but was better than other nearby leveling sites.
GPS data were processed with the Gipsy/Oasis II software (Lichten and Border, 1987) , using a bias-fixed, fiducialfree, precise point positioning strategy (Zumberge and others, 1997). We did not solve for the satellite orbits or clock errors, using instead solutions for these parameters provided by the Jet Propulsion Laboratory (JPL). Further precision was obtained by regional filtering, which removes most of com-mon-mode signals (Wdowinski and others, 1997 ). An elevation mask of 15 degrees was used during data processing.
We included a globally distributed subset of IGS stations, typically 25 to 30 stations, in our solutions. Using the ITRF00 positions of these stations, a Helmert transformation was done to transform each daily solution into the ITRF00 reference frame. The ITRF00 XYZ solutions were transformed into geodetic latitude, longitude, and ellipsoidal heights using the NAD83 ellipsoidal model for the 
The Geoid Height Model
Equation (6) gives the general relationship between ellipsoid heights (heights between the external surface and the ellipsoid), h, orthometric heights (heights between the external surface and the geoid), H, and geoid height (distance between the ellipsoid and the geoid), N (see fig. 2 )
In the conterminous United States, the geoid surface is beneath the ellipsoid; thus, geoid heights N are negative, and the ellipsoidal height h is smaller in magnitude than the orthometric height H at a given point. By subtracting the orthometric heights H from the ellipsoid heights h, we obtain the geoid heights N (Milbert and Smith, 1996) .
Gravity points, digital elevations, and altimetrically derived gravity anomalies can be processed to compute a geocentric gravimetric geoid height model (Smith, 1998; Roman and others, 2004) . We cannot, however, transform directly between NAD83 GPS ellipsoid heights and NAVD88 orthometric heights using a gravimetric geoid. There is a systematic offset between the NAVD 88 reference level and the current best estimate of global mean sea level, and a transcontinental tilt is introduced by the non-geocentricity of the NAD83 ellipsoid (Smith and Milbert, 1999) , which prevents the conversion. To complete the transformation between GPS ellipsoid heights and orthometric heights, the gravimetric geoid height N, the ellipsoidal heights h and the orthometric heights H must be related through an empirical conversion surface s (Milbert, 1995; Kotsakis and Sideris, 1999) . If subscripts are used to denote the height reference systems, then we can rewrite as
where H88 indicates the GPS-based orthometric heights relative to NAVD88 and h 83 the GPS ellipsoid heights relative to NAD83. The new geoid model N+s is called a hybrid geoid (Smith and Milbert, 1999 The measured geoid height model can then be compared against the published NGS GEOID03 model ( fig. 3 ). The profiles shown in fig. 3 indicate that the geoid shapes are similar, but the NGS model underestimates the geoid height within the caldera. In particular, the difference reaches a maximum at sites on the caldera's resurgent dome and appears negligible at Lee Vining and Tom's Place, outside the caldera to the north and south, respectively. The GEOID03 model is globally accurate but requires a local adjustment (Smith and Roman, 1999) , probably because the NGS used only six GPS/leveling comparisons (BRIDGEPORT, E 818, JUCTION, OASIS, T 1391, X 123) to estimate the conversion surface s in Mono County (http://www.ngs.noaa.gov/GEOID/GPSonBM03/index.html), and only two of these sites (JUCTION and X 123) 
The Long Valley Caldera Hybrid Geoid Height Model LVGEOID

Conversion surface
Following Milbert and Smith (1996), we modeled a "locally adjusted" conversion surface s to improve the hybrid geoid for Long Valley Caldera. As a first step, we computed the conversion surface s at the colocated sites (table 4)
where N 03 is the gravimetric geoid USGG2003 height. Then we interpolated the "locally corrected" conversion surface s at sites where we have no direct measurements. Finally, we estimated the interpolation error (see appendix for details). We A plot of the "locally corrected" geoid LVGEOID against GEOID03 is shown in fig. 4 , whereas the spatial distribution of the difference between LVGEOID and GEOID03 is shown in fig. 5 .
Summary and Conclusions
We have tied GPS and leveling to a common reference frame in the Long Valley area so that we can compute the vertical deformation by differencing GPS-based and leveled orthometric heights. To transform directly between GPS ellipsoid heights and orthometric heights, we related the gravimetric geoid height N, the ellipsoidal heights h, and the orthometric heights H through an empirical conversion surface s. The new geoid model N+s is called a hybrid geoid (Smith and Milbert, 1999) . In December 2003, the National Geodetic Survey released the latest gravimetric geoid model (USGG2003) and hybrid geoid model (GEOID03) for the conterminous United States.
We compared the NGS GEOID03 model against the experimental values of the geoid height measured at 25 GPSBM sites. These sites were occupied in the summer of 2006 by both GPS and leveling surveys. From the profiles shown in figure 3, we can see that although the geoid shapes are similar, the NGS model underestimates the geoid height within the caldera. The difference reaches a maximum of 18.5 cm close to the caldera's resurgent dome and appears negligible at Lee Vining and Tom's Place, outside the caldera.
We used geostatistics (ordinary kriging and Gaussian simulation) to estimate the new conversion surface s in the Long Valley region at any unsampled leveling benchmark from the 25 available data points. We calculated the new "locally adjusted" hybrid geoid height (LVGEOID) at each leveling bench mark (see table 5 The geodetic data set for the 1999-85 differences (44 height measurements, and 34 EDM baseline length changes) can be inverted to have an estimate of the parameters of the intrusion beneath the resurgent dome. A prolate spheroidal source is used to parameterize the horizontal and vertical deformation. The inversion of the data is performed using a weighted least square algorithm, whereas the penalty function minima are searched by a Nelder-Mead simplex direct search algorithm. A bootstrap algorithm is used to estimate the 95 percent (two standard deviations) bounds on the parameters. Preliminary results (see table 6) point to a deeper, larger source than that previously inferred. .000
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Appendix. Geostatistical Analysis Spatial Interpolation
We used ordinary kriging, a linear least-square regression algorithm, to estimate the experimental conversion surface s at unsampled leveling benchmarks (Goovaerts, 1997, p. 132) . The geostatistical analysis and interpolation was carried out using the geostatistical software library GSLIB (Deutsch and Journel, 1998; http://www.gslib.com/) . Kriging interpolates the value of the continuous attribute s at any unsampled locations u using only the values of s available over our study area, the data s(u α ) (see 8 and table 4).
The linear estimator is defined as fig. 9 ). Variogram models can be divided into two types; those that reach a plateau (called a "sill", and designated as c) and those that do not. The distance at which they reach this plateau is called the "range," a. The variogram discontinuity at the origin is called the "nugget effect," n. More than one theoretical model can fit the experimental variogram ( fig. 9 ).
We choose the best model using cross-validation (Isaaks and Srivastava, 1989, ch. 15) . In cross-validation, actual data points are dropped one at a time and re-estimated using 
Assessment of Spatial Uncertainty
A by-product of kriging is the kriging variance, which is dependent on the variogram model and the data configuration, and is independent of the data values. Thus, given a variogram model, two identical data configurations would yield the same kriging variance no matter what the data were. In this sense, the kriging variance is only a ranking index of the data geometry and size (that is, the kriging variance increases when the location u being estimated gets farther away from the data location u α )-not a measure of the local spread of errors (Goovaerts 1997, p. 179) .
The smoothing effect of kriging on the interpolation is due to a missing error component. Consider the variable S(u) as the sum of the estimator s(u) and the corresponding error r(u)
The kriging equation would provide the smoothly varying estimator s(u). To restore the full variance of our geostatistical model, one may think of simulating a realization of the error with zero mean and the correct variance and variogram (Deutsch and Journel, 1998, p. 127) . The simulated value of the variable would be the sum of the unique estimate and a simulated error value
We applied a sequential Gaussian simulation algorithm to simulate the variable of interest s (Deutsch and Journel, 1998, p. 127) . The standard deviation of the simulated variable is taken as measure of the interpolation error (Battaglia and others, 2003).
γ
The Gaussian simulation works with data that follow a normal distribution. Even though most Earth science data do not follow a normal distribution, a nonlinear transformation can convert the original data distribution ( fig. 8 ) into a normal distribution ( fig. 10) . The transformed data set is also called "normal score." The simulation is performed in the normal space and repeated 500 times, and all the simulated values are back-transformed (Deutsch and Journel, 1998, p. 141) . At any sampled point, the simulation algorithm returns the exact experimental value.
Just as in kriging, the variogram model is the key to any Gaussian simulation. Two models (hole and gaussian) fit the experimental normal score variogram ( fig. 11) . Although cross-validation (table 8) indicates that two models have practically identical performances, a statistical analysis of the simulation shows that the gaussian model better reproduces the overall statistics of the experimental data ( fig. 10 ). Table 2 . Long Valley region GPS-on-Bench Mark survey for 2006 (http://quake.wr.usgs.gov/research/deformation/gps/auto/MammothLevel/index.html). Table 5 . Geoid heights at leveling benchmarks for the Long Valley region (see fig. 1B for benchmark location). 
